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INTRODUCTION
The in vitro culture of plant tissue and cells has a long history and has contributed much to contemporary biotechnology (Sussex, 2008; Vasil, 2008) . Somatic embryos can be induced in vitro from cultured explants and protoplasts. While an understanding of somatic embryo induction is starting to emerge, details of the signalling mechanisms involved remain poorly understood (Rose and Nolan, 2006; Braybrook and Harada, 2008; Zheng et al., 2009; Rose et al., 2010) .
Most morphological studies of somatic embryogenesis (SE) demonstrate that regeneration occurs via SE rather than organogenesis. However, an important and unresolved question in SE concerns the nature of the callus cells ultimately programmed to become totipotent and produce embryos (Vogel, 2005; Kwaaitaal et al., 2007; Verdeil et al., 2007) . Historically, this question has been investigated primarily using Daucus carota (carrot) cell suspension cultures (Halperin, 1966) . A study by Guzzo et al. (1994) on the origin of totipotent cells in carrot cell suspension cell cultures, derived from hypocotyl explants, showed that procambial cells gave rise to the embryogenic cell lines. The cell-tracking studies of Schmidt et al. (1997) in cultures prepared from carrot hypocotyl explants support this finding. Procambial cells are pluripotent vascular stem cells that originate from the apical meristem and ultimately generate the xylem and phloem (Fukuda, 2004) . Indeed, in the pioneering work on SE by Steward et al. (1958 Steward et al. ( , 1964 , embryogenic cell suspensions were derived from the phloem region of carrot storage root and likely contained procambial-like cells. A range of other morphological studies also supports the link between SE and procambium or vascular tissue (Lu and Vasil 1985; Schmidt et al., 1997; Schwendiman et al. 1988; Somleva et al. 2000) . A recent study by Kwaaitaal et al. (2007) suggests that in tissue cultures of Arabidopsis, embryogenically competent cells mainly derive from procambial cells expressing SERK1 in planta.
While it is clear pluripotent procambial cells have a capacity for induced embryogenesis, providing an explanation for the association between somatic embryos and vascular tissue, a number of morphological studies also show embryos form at the periphery of callus distal to vascular tissue (Lu and Vasil 1985; Sagare et al. 1995; Loiseau et al. 1998, Sharma and Millam 2004) .
The model legume Medicago truncatula is used to study the mechanism of SE (Rose and Nolan, 2006) . In M. truncatula, SE requires an appropriate genotype, such as Jemalong 2HA (2HA), a cytokinin and an auxin (Nolan and Rose, 1998; Rose et al., 1999) . Culturing M. truncatula leaf explants (either Jemalong wild-type or 2HA) with auxin alone, results in a small amount of callus and root organogenesis (Rose et al., 2006) . In this situation, it is clear that root meristems form from procambial-like cells, because callusing does not obscure the relationship.
However, culturing 2HA with both auxin and cytokinin triggers SE, producing a complex callus with substantially more vascular development.
We have examined the fate of cells associated with the ontogeny of embryogenic callus in M.
truncatula. Despite its ultimate importance to understanding the molecular mechanisms of SE or organogenesis, the dynamics and fate of cells during callus morphogenesis has received little attention. Explants and mesophyll protoplasts were used as the source material together with the optimised hormonal protocol that has become the standard approach to investigate SE in M.
truncatula (Nolan and Rose, 1998; Nolan et al., 2003) . This optimised protocol has been used to characterise SE in 2HA via proteomic (Imin et al., 2004 (Imin et al., , 2005 , transcriptomic (Imin et al., 2008; Mantiri et al., 2008) and functional genomic approaches (Nolan et al., 2006; Mantiri et al., 2008; Chen et al., 2009 ). Here, we used different histological strategies, manipulation of the culture system, early ROS (reactive oxygen species) detection and analysis of SERK1 (SOMATIC EMBRYO RECEPTOR KINASE1) gene expression to investigate SE in 2HA. ROS are involved in cell cycle activation in cultured plant cells (Fehér et al., 2008) , while MtSERK1 expresses in 2HA cultures both when callusing and embryogenesis are initiated (Nolan et al., 2009) . SERK1 gene expression is associated with SE in most species examined, marks embryogenic competence in some species, while its overexpression can enhance SE in Arabidopsis (Hecht et al., 2001; Karami et al., 2009; Schmidt et al., 1997) . However, it is now apparent that SERK1 expression is more generally associated with developmental change (Nolan et al., 2009) .
Using M. truncatula embryogenic callus we show that the pluripotent procambial cells associated with the leaf veins undergo cell proliferation and differentiate into vasculature.
However, most somatic embryos derive from dedifferentiated mesophyll cells that proliferate and acquire totipotency.
MATERIALS AND METHODS

Culture of leaf explants
Cultures were established from explants obtained from leaves of glasshouse-grown M. truncatula cv. Jemalong and its highly embryogenic descendent, Jemalong 2HA (2HA; Rose et al., 1999) . The standard SE protocol used the P4 medium of Thomas et al. (1990) supplemented with 10 µM naphthalene acetic acid (NAA) and 4 µM 6-benzylamino purine (BAP; P4 10:4), followed by transfer to the same medium containing 1µM abscisic acid (ABA; P4 10:4:1) at 3 weeks (Nolan et al., 2003) , unless indicated otherwise. The development of embryogenic calli (grown in darkness) was studied up to 40 d from the beginning of culture. For root development, P4 medium with 10 µM NAA was used (Nolan et al., 2003) .
Protoplast isolation, purification and culture
Plants for protoplast isolation were grown in a controlled-environment at low light intensity as described by Tian and Rose (1999) . Protoplast isolation was based on Rose and Nolan (1995) and Tian and Rose (1999) . The youngest fully expanded leaves from 2-4 month-old plants were The protoplast suspension was filtered through a 40-m nylon mesh filter into a 15-mL centrifuge tube and a 1/3 volume of 80% (v/v) Percoll containing 0.45 M mannitol added. After mixing, 1 mL of P1 medium (with 0.45 M mannitol) was layered on top of the protoplast suspension before centrifuging at 80 x g for 20 min. The protoplast band that formed at the interface of the Percoll-enzyme mixture and P1 medium was transferred to a fresh 15-mL tube, resuspended to 10 mL with P1 medium and pelleted at 100 x g for 8 min. Resuspension and pelleting was repeated twice. The final pellet was resuspended in 1-2 mL of incubation medium (P1 medium containing 15 M NAA, 4 M BAP and 0.45 M glucose) and the protoplast concentration determined using a haemocytometer.
Protoplasts at a concentration of 8-10 x 10 5 mL -1 were prepared in incubation medium containing 1% (w/v) Sea Plaque low-gelling point agarose (Cambrex, Rockland, USA). Five 100-L droplets were incubated in 2.5 mL of incubation medium in 5 mL Petri dishes as described (Rose and Nolan, 1995) . The medium was replaced at 7-d intervals. The osmoticum and NAA concentrations were gradually reduced by adding increasing amounts of P4 10:4 to the incubation medium (incubation medium : P4 10:4 ratios were 2:1, 1:2, 1:5 and 0:1). At week 5, the agarose droplets were dispersed with a Pasteur pipette and the microcalli suspension distributed over P4 10:4 medium (containing 0.8% [w/v] agar) to continue calli development.
Histology of thin sections
Tissue was fixed in 4% (v/v) glutaraldehyde and 2% (v/v) paraformaldehyde in 100 mM phosphate buffer (pH 7.2), before dehydration and infiltration in LR White resin as previously described (Rose et al., 2006) . The LR White sectioning, staining of 1-µm sections in Toluidine
Blue and Azur II (pH 9.0), and light microscopy has also been described (Rose et al., 2006) .
Histology of cleared whole-mounts
Tissue pieces were incubated in 15% NaOH at 60C until cleared and then stained in basic Fuchsine (1% [w/v] in 7% [w/v] NaOH) prior to whole mount microscopy. Basic Fuchsine has an affinity for lignin (Kraus et al., 1998) , and so stains xylem elements strongly (Carlsbecker et al., 2010) . Fuchsine-stained lignin was viewed by bright field microscopy, except where indicated fluorescence imaging was performed using a 50W Hg lamp and a rhodamine filter.
Leaf orientation experiments
Histological sections through the calli from leaf explants were outlined and the total area of the explant pseudo-coloured black while proliferating cells associated with the vasculature, were pseudo-coloured grey. A threshold was applied and the area-ratio of proliferating to nonproliferating cells in 80 random samples (boxes) in each leaf explant type was measured using ImageJ (http://rsb.info.nih.gov/ij; Abramoff et al., 2004) .
ROS detection by DAB
ROS were detected as hydrogen peroxide production by staining leaf explants with DAB (3,3 diaminobenzidine). DAB was prepared fresh as a 1-mg.mL -1 solution in water (pH 3.8).
Trifoliate leaves were fed DAB solution through their petiole for 16 h before excising explants with a 9-mm tissue punch and culturing on agar-solidified water for the indicated time. After incubation, explants were immersed in boiling 95% (v/v) ethanol for 10 min to terminate the DAB reaction. Tissue was extracted with 100% ethanol at 22 o C for 2 h, rinsed twice in distilled water and then cleared with Hoyer's solution (Liu and Meinke, 1998) for 1 h.
Quantification of ROS by Luminescence
The luminescence assay was based on the method described by Murphy and Huerta (1990) .
Briefly, leaf disks (9-mm diameter), cut into four equal sectors, were incubated on water 
RESULTS
Development of auxin-induced roots and auxin plus cytokinin-induced embryogenic callus in leaf explants
During in vitro auxin-induced root development, root primordia develop from pluripotent procambial cells associated with veins (see Fig. S1 ; Rose et al. 2006) . However, the fate of procambial cells in embryogenic callus, which forms in the presence of both auxin and cytokinin, remains unclear. The time course of embryogenic callus development is shown in 
Early callus formation and associated signalling in leaf explants
One of the earliest responses in explants is the production of ROS, which occurs within seconds of explant excision (see Fig. S2 ). DAB staining highlights that this initial production of ROS is associated with the cut surface and the veins (Fig. 1C) . This is consistent with an involvement of ROS in activation of the cell cycle (Pasternak et al., 2007; Fehér et al., 2008) .
MtSERK1 expression is indicative of developmental change (Nolan et al., 2009 ) and we therefore used MtSERK1 expression to assess developmental changes during callus formation ( Fig. 1E-G) . The most extensive changes occur near the cut surface of the explant. However, changes are also associated with each of the leaf veins. This appears to involve both the onset of cell division and the differentiation of xylem elements ( Fig. 1F-G) . In addition, protrusions that arise from cell divisions near the uncut explant surface show MtSERK1 expression (Fig. 1F, arrow).
Changes associated with the veins of leaf explants
We also examined changes in veins with whole mount techniques. By clearing tissue and staining with basic Fuchsine, we observed cell division to occur along the edge of the vasculature ( Fig. 1H-J) . Cell proliferation also occurred at the margins of the explant, giving rise to callused edges. Then, cell division associated with the veins, starting with the veins nearest the edge of the explant (Fig. 1I) , moved inwards toward the explant interior (Fig. 1J) , similar to the pattern of ROS production observed in DAB-stained explants (Fig. 1C) .
Some of the cells derived from the vascular procambium differentiated into tracheids ( Fig. 2A) .
Such differentiation occurs not only at the termini of veins, but also in tissue lying between veins ( Fig. 2B ) and where "callus islands" were initiated from veins (Fig. 2C) . Frequently, the vascularisation process linked new veins to existing veins, forming ring-like structures (Fig.   2B ).
Examining the developing edge of the callus revealed that the major veins continued to grow from the leaf into the callus (Fig. 2D-E) , similar to the growth of veins that occurs during leaf development in planta. In some cases, major veins grew beyond the edge of the callus (Fig.   2D ).
Embryo development
A surprising finding from our studies was the substantial activity of vein procambial cells in response to auxin and cytokinin that was in addition to the obvious callusing at the explant cut edges (Fig. 1) . Procambial cells within the leaf explant exhibited extensive cell division and considerable vascular tissue differentiation (Fig. 2) , although there was no obvious development of somatic embryos from these regions of the tissue. Callusing at the cut surface continued concomitant with a curling up of the explant edges (Fig. 1D) . We also observed that embryos form on the surface of the explant (Fig. 3A) and along the cut edge (Fig. 3B ).
Extensive vascularisation hinders investigation into the cellular origins of somatic embryo formation in sectioned material. In our standard protocol, which we developed after substantive hormonal experimentation (Nolan and Rose, 1998), we use ABA in the medium from week three onward to improve embryo quality. However, we have subsequently found that inclusion of ABA in the culture medium, from the beginning of culture, increases embryo number and reduces the amount of callusing without altering the origin of the embryos. In Fig. 3C-D Extensive serial sectioning (1,400 1-µm sections) was required to show that only rarely did cell files from the veins reach near the surface to form a somatic embryo (Fig. 4A-B) .
Embryo development and vein-derived cells: leaf orientation experiments
Following the results shown in Fig. 4A -B, we reversed the orientation of explants relative to the medium to obtain more information on the contribution of procambial cells to somatic embryo formation. Numbers of embryos per callus after 7 weeks culture were similar if the explants were plated adaxial side down (13.8 ± 1.4; mean ± SE), rather than abaxial side down (15.1 ± 1.7; mean ± SE). Histological examination of explants after two weeks culture to assess early embryogenesis revealed surprising results. We found major differences in the amount of cellular-and vein-proliferation associated with the veins originally in the explant, in sections through explants plated adaxial (Fig. 4C ), or abaxial side down (Fig. 4D) . If the leaf explant was incubated abaxial surface down (Fig. 4D) is due to positioning of veins within the explant as they appear equidistant from either surface of the leaf lamina. It also seems unlikely to be due to differential auxin transport through stomata, as the number of stomata in 2HA leaves is actually higher on the adaxial surface (151 ± 0.26 versus 128 ± 0.79 stomata·mm 2 in adaxial and abaxial surfaces, respectively; mean ± SE; n = 3). In both cases, however, embryo initials formed on the surface away from the medium (Fig. 4E-F ). These observations are consistent with most of the embryos developing from dedifferentiated mesophyll cells rather than from cells whose lineage traces back to the procambium. In addition, as callus formed, the explant curled up from the plate such that cells initially in contact with the medium were now on the outside of a semi-circular to horseshoeshaped explant. It was then we observed embryos forming. The curling of the explant as callusing progresses can be seen in Fig. 1A , D and in Fig. 3A embryos can be seen forming on the surface of the explant originally in contact with the medium.
What became apparent from our observations is the ability of mesophyll cells to dedifferentiate and reprogram to form embryos near the surface of the explant. Procambial-like cells, on the other hand, have a capacity to differentiate in a number of directions in response to the culture environment, but rarely embryos. The formation of embryogenic callus from isolated mesophyll protoplasts is, however, strikingly different. In the protoplast experimental system (Fig. 6A-E) , cell colonies develop many cytoplasmically dense cells that have the capacity to form somatic embryos. Our observations reveal that embryos do not fully develop until they approach the callus surface ( Fig. 6A and C) . In the meantime, pools of proembryogenic cells form, of which, some cells will initiate embryo development. At this stage, there is no vascular tissue, however, as culture continues, vasculature forms de novo. In protoplasts isolated from wild-type Jemalong ( Fig. 6B and D) there is the capacity to differentiate vascular tissue but not embryos, as in leaf explants, clearly indicating the difference between Jemalong and 2HA in hormone responsiveness and the capacity for regeneration.
DISCUSSION
The nature of callus
Plant biologists typically consider callus as a mass of undifferentiated cells that lacks a defined histological structure. This in some cases is true, as in the early stages of protoplast proliferation (Fig. 6E) before differentiation. Most studies, however, use explants taken from complex tissues of the plant implying that the subsequently formed callus is likely to be more complex than a simple mass of undifferentiated cells. Our studies reveal that the embryogenic callus induced by auxin plus cytokinin in 2HA, develops a histological structure dependent on cells within the source tissue and explant orientation. We discuss the main developmental features from this study below.
The onset of cell proliferation
While cell proliferation in explants is always readily observed at the cut surface et al., 2007 et al., , Fehér et al., 2008 . In terms of gene expression, expression of the ethylene dependent transcription factor, MtSERF1 in 2HA distinguishes
Jemalong from 2HA (Mantiri et al. 2008) .
Vascularisation of the callus
Formation of vascular tissue is associated with cell division -both at the cut edge of the explant and in proximity to veins. As the explant edge calluses, veins grow into the callus, and in some cases, beyond the callus (Fig. 2D-E) . This would appear to be a highly ordered process, with wounding driving vein growth in a manner similar to normal development, via the differentiation of procambial cells (Ye, 2002) . In the case of proliferating cells emanating from the procambium, there is also vascularisation, albeit much less ordered. Many of the cells differentiate rapidly into tracheids forming circular-type arrangements that connect newly formed veins to the existing vasculature. Again, it appears the newly proliferating cells signal a response to maintain vascularisation, though with a novel pattern of vasculature developing ( Fig. 2B-C) . The vascularisation observations are, in principle, similar to classic experiments conducted with Coleus stems, in which the vascular elements re-joins after severing (Jacobs, 1952) and with Coleus stem segments where new vascular tissue develops contiguous with preexisting vascular tissue (Fosket and Roberts, 1964) .
The development of somatic embryos from pluripotent and totipotent cells
In the 2HA culture system, two types of cells can potentially form embryos -those derived from dedifferentiated mesophyll cells, and rarely, those from procambial cells. Although explant orientation can affect SE (Thibaud-Nissen et al., 2003) , in our experiments where leaf explants were incubated with either the abaxial or adaxial surface on the medium, we obtained similar rates of embryogenesis in either orientation. Unexpectedly however, adaxially-plated explants exhibited minimal cell proliferation and vascularisation associated with the procambial cells. The greater number of adaxial stomata in 2HA leaves rules out enhanced hormone uptake as the mechanism for superior vascular proliferation in abaxially-plated explants. Similarly, since veins appear equidistant from each surface of the leaf lamina, proximity of veins to the medium is also unlikely to influence rates of vascular proliferation in our explant orientation experiments. Auxin plays an important role in specifying adaxial-abaxial cell fate in leaves and thus differential proliferation of the vasculature may therefore reflect established patterns of polar auxin transport within the leaf (Scarpella et al., 2010) . In both cases the explant surface in contact with the medium buckled upwards, and many of the initial embryos formed on this surface of the leaf that was now curled away from the medium. We hypothesise that this phenomenon may relate to an "auxin pulse" type of effect, as the part of the explant in contact with the medium experiences the entire 10 M concentration of auxin. The buckling of the explant, however, exerts a lowering of the auxin concentration, as the explant no longer contacts the source of exogenous auxin. This hypothesis is consistent with the classic paradigm where a high concentration of auxin is necessary for induction of SE, whereas embryo development requires either auxin removal or a lowering of the auxin concentration (Halperin, 1966; Dudits et al., 1991) . At any point in callus development, a given somatic embryo will have a complex history; however, it alludes to the significance of cell position in the initiation of SE.
But what of the dividing cells associated with the veins? Using serial sectioning, we found that only rarely do these cells produce embryos, and only if the veins are positioned so as lineages of these cells can reach the upper surface ( Fig. 4A-B) . Similarly, in protoplasts, it also appears that embryos only develop fully when they approach the surface, whereas in central regions developing embryos revert to proembryogenic masses (Fig. 6A) . Given the need for appropriate auxin gradients in embryogenesis, it may be easier to obtain these near the surface of the callus (Jenik and Barton, 2005) .
Callus structure and the dynamic of two cell types. Fig. 2A-C) . The common theme is that the proliferating cells of the leaf signal the development of venation. However, it also seems there is a "memory" in that the veins continue to act as leaf veins, especially as seen in the vascularisation of callus from the cut edges ( Fig. 4D-E ). There is some analogy here with recent experimental work on limb regeneration in salamander where many of the existing cell types continue to differentiate into the same cell type, retaining a memory of their previous identity (Kragl, 2009 Fig. 6B and D) . In the case of M.
truncatula, genes associated with embryogenesis such as MtSERK1 and MtWUSCHEL are induced in both Jemalong and 2HA. This response, in the presence of the appropriate hormones (auxin and cytokinin), presumably mimics the propensity in plants for wound-induced regeneration and is particularly apparent with MtWUSCHEL expression (Chen et al., 2009) . We argue that it is only those cells that have had embryogenesis de-repressed (embryogenesis has to be switched off in development) that go on to form embryos (Rose et al., 2010) and this has been selected for in the case of 2HA (Rose et al.,1999) . There is also a positional effect, as the differentiating embryos need to be near the surface, possibly reflecting an appropriate auxin gradient.
Studies in carrot (Schmidt et al., 1997) and Arabidopsis (Kwaaitaal and de Vries, 2007) in particular, provide support for the capacity of procambium cells to produce totipotent cell lineages that give rise to embryos. Other studies show an association of somatic embryo development with vascular tissue, for example in oil palm (Schwendiman et al., 1988) and et al., 2000) . However, in M. truncatula leaf explants and mesophyll protoplast cultures the majority of embryos develop from dedifferentiated mesophyll cells that become totipotent. Studies using chickpea (Sagare et al. 1995 ), pea (Loiseau et al., 1998 ) and potato (Sharma and Millam, 2004 explants also show that embryos develop from peripheral cells away from the vasculature and thus implicate dedifferentiation in the genesis of somatic embryos. In studying the mechanism of SE, the cellular origin of somatic embryos and the response of procambial cells are therefore relevant considerations. The key evolutionary responses ultimately linked to the capacity for SE appear to be cellular reprogramming of differentiated cells in response to stress (especially wounding) and the plasticity of procambial cells, with the dominant response dependent on species and explant type. Fig. 1 . The M. truncatula SE culture system, early signalling and morphological changes.
FIGURE LEGENDS
A. Time course of embryogenic callus development from dark grown leaf explants over 40 days (0, 5, 10, 15, 20, 24, 28, 32, 36 and 40 days) . Explants cultured on P4 10:4 medium (auxin + cytokinin) for 3 weeks followed by transfer to P4 10:4:1 medium (auxin + cytokinin + abscisic acid).
B. Somatic embryo development showing globular, heart, torpedo and cotyledon stages.
C. Detection of ROS production using DAB staining after 0 h and 12 h of explant incubation.
Arrow points to DAB staining of fine veins in the explant. A. Adaxially-plated explants exhibit significantly less cell proliferation associated with the vasculature as compared to abaxially-plated explants.
B-C. Representative images of the leaf explant sections used for analysis.
Students t-test used to assess significance, p <0.005 
